The MuA transposase of phase Mu is a large modular protein that plays a central role in transposition. We show that the Mu end DNA-binding domain, Ibg, which is responsible for binding the DNA attachment sites at each end of the Mu genome, comprises two subdomains, Ib and Ig, that are structurally autonomous and do not interact with each other in the absence of DNA. The solution structure of the Ig subdomain has been determined by multidimensional NMR spectroscopy. The structure of Ig comprises a four helix bundle and, despite the absence of any signi®cant sequence identity, the topology of the ®rst three helices is very similar to that of the homeodomain family of helix-turn-helix DNA-binding proteins. The helix-turn-helix motif of Ig, however, differs from that of the homeodomains in so far as the loop is longer and the second helix is shorter, reminiscent of that in the POU-speci®c domain.
The MuA protein of phage Mu plays a key role in transposition, a recombination reaction that moves a genetic element, the transposon, from one location on the chromosome to a new and often distantly located site. Speci®cally, MuA pairs the ends of the phage DNA, cleaves the donor and target DNA and promotes strand transfer (Symonds et al., 1987; Mizuuchi, 1992; Lavoie & Chaconas, 1995) . MuA has a total molecular mass of 75 kDa and consists of ®ve functional domains (Figure 1(a) ). Domain Ia enhances stable synaptic complex formation by binding to the internal activation sequence (IAS); the Mu end DNA binding domain Ibg is required for transposition and binds to the L and R attachment (att) sites, contacting two consecutive major grooves located on one face of an asymmetric 22 base-pair site and inducing a bend in the DNA of 60 to 90 (Kuo et al., 1991; Zou et al., 1991) ; the catalytic domain II participates in the catalysis of both cleavage and strand transfer reactions; domain IIIa is required for the assembly of an active MuA-DNA complex and has endonuclease activity; and ®nally domain IIIb mediates the interaction between MuA and MuB protein, an ATP-dependent target DNA activator (Lavoie & Chaconas, 1995) . The three-dimensional structures of the IAS-binding domain Ia and the catalytic domain II have been solved by NMR (Clubb et al., 1994) and crystallography (Rice & Mizuuchi, 1995) . Domain Ia is a member of the winged helix-turnhelix family of DNA-binding proteins, albeit with a permutation of the secondary structure elements. The catalytic domain II is structurally similar to the catalytic cores of HIV and ASV integrase, ribonuclease H and the Holliday-junction resolving enzyme RuvC. Here, we present the solution structure of the Ig subdomain by NMR spectroscopy.
Limited trypsin proteolysis of the Ibg domain (>95% pure) results in the appearance of a single band at $9.4 kDa on SDS-PAGE. N-terminal sequencing of this band reveals the presence of two co-migrating peptides: an N-terminal fragment (Ib) beginning at Ile77, and a C-terminal fragment (Ig) starting at Asn174 (data not shown). The Ib and Ig domains share no signi®cant sequence identity and differ in length (98 residues for Ib versus 74 for Ig; Kim & Harshey, 1995 (Figure 2c ) is virtually identical with the spectrum of the fulllength domain construct (Figure 2d ).
The three-dimensional structure of the Ig subdomain (residues 174 to 247) was determined using multidimensional (3D and 4D) double and triple resonance NMR spectroscopy, making use of uniformly (>95%) 15 N and 15 N/ 13 C labeled samples (for details of the experiments and the original references, see the reviews by Bax & Grzesiek, 1993; Bax et al., 1994) . The structure was solved on the basis of 1293 experimental restraints. A superposition of the ®nal ensemble of 30 simulated annealing structures is shown in Figure 3 and a summary of the structural statistics is provided in Table 1 . Residues 173 to 179 at the N terminus and residues 241 to 247 at the C terminus of the Ig subdomain are disordered. The remainder of the Ig subdomain (residues 180 to 240) is well de®ned with a precision of 0.49(AE0.09) A Ê for the backbone atoms and 1.18(AE0.11) A Ê for all atoms.
The Ig subdomain comprises a four helix bundle tightly packed around a hydrophobic core consisting of aliphatic and aromatic amino acid residues (Figure 3 ). Helices 1 (residues 182 to 193) and 2 (residues 200 to 214) are oriented antiparallel to each other at an angle of $150
. Helix 3 (residues 221-231) crosses helices 1 and 2 at angles of $60 and $120 , respectively. In the view shown in Figure 3 , the top of the hydrophobic core is closed off by helix 4 (residues 234 to 240), which is oriented approximately orthogonal to the other three helices. The secondary 13 C shifts are indicative of the presence of an N-terminal capping box for helix 3 with the C b and C a of Ser220 shifted 1.84 ppm down®eld and 0.16 ppm up®eld, respectively . This is con®rmed in the structure, which shows that the hydroxyl group of Ser220 is hydrogen bonded to the backbone amide group of Thr223.
Excluding the C-terminal helix 4, the fold of the Ig subdomain is remarkably similar to that of the homeodomain family of helix-turn-helix (HTH) DNA-binding proteins, although their amino acid sequences are completely unrelated (sequence identities <10%). Thus, for example, helices 1 to 3 of Ig can be superimposed onto helices 1 to 3 of the Oct-1 POU homeodomain (Klemm et al., 1994) with a C a atomic rms difference of 2 A Ê for 41 residues ( Figure 4 ). In the homeodomain family of proteins, helices 2 and 3, separated by a four residue turn, constitute the HTH motif (Kissinger et al., 1990; Klemm et al., 1994) . The HTH motif consists of two helices that cross each other at an angle of $120
; major groove recognition is achieved by residues in the second helix of the HTH motif and in the loop connecting the two helices. By analogy, polar side-chains in the recognition helix of the HTH motif of Ig that could potentially interact with the DNA major groove include Arg221, Arg226, Arg227, Gln229 and Gln230. Interestingly, Arg226, Gln229 and Gln230 are located at analogous positions to residues that form hydrogen Figure 1 . a, A drawing of the domain organization of MuA transposase, and of the various fragments studied by NMR. b, Sequence of Ig (residues 174 to 247) with the location of the four helices determined by NMR indicated. MuA deletion variants were constructed using PCR methodology. Plasmid pMK609 (Mizuuchi & Mizuuchi, 1989) , which contains DNA encoding the MuA transposase, was targeted for deletion. Appropriate restriction sites were engineered into the PCR primers allowing selectively ampli®ed DNAs to be ligated into the phage T7 RNA polymerase expression plasmid pET3c (Novagen). The expression plasmids were then transferred to E. coli strain BL21(DE3) for protein expression. Three deletion constructs of the MuA transposase were constructed and comprise residues 77 to 247 (Ibg), residues 77 to 174 (Ib), and residues 174 to 247 (Ig) of MuA transposase. C by growing the bacteria on minimal medium containing 15 NH 4 Cl and/or 13 C 6 -glucose as the sole nitrogen and carbon sources, respectively. Puri®cation was similar to that described for Ia (Clubb et al., 1994) . Each NMR sample contained 1 mM protein, 50 mM phosphate buffer (pH 6.3), 100 mM NaCl and 2.4 mM deuterated dithiothreitol. All NMR spectra were recorded at 30 C on Bruker AMX500 or AMX600 spectrometers equipped with a z-shielded gradient triple resonance probe. C assignments were obtained using double and triple resonance 3D NMR spectroscopy Bax & Grzesiek, 1993) . These include 3D CBCANH, CBCA(CO)NH, HBHA(CO)NH, C(CO)NH, H(CCO)NH, HCCH-COSY, HCCH-TOCSY, HNHA and 15 N-separated HOHAHA experiments. Approximate interproton distance restraints, classi®ed into four distance ranges, 1.8 to 2.7 (1.8 to 2.8 for distance pairs involving amide groups), 1.8 to 3.3 (1.8 to 3.5 for distance pairs involving amide groups), 1.8 to 5.0 and 1.8 to 6.0 A Ê , corresponding to strong, medium, weak and very weak nuclear Overhauser enhancements (NOEs) were obtained from 3D 15 N-separated NOE (70 and 100 ms mixing time) and ROE (45 ms mixing time), 3D 13 C-separated NOE (120 ms mixing time) and ROE (25 ms mixing time), 4D 15 N/ 13 C (100 ms mixing time) and 13 C/ 13 C separated (100 ms mixing time) NOE spectra. Three-bond coupling constants were obtained by quantitative J correlation spectroscopy (Bax et al., 1994) . NMR spectra were processed using NMRPipe (Delaglio et al., 1995) and analysed using the programs PIPP, CAPP and STAPP (Garrett et al., 1991) . Stereospeci®c assignments and f and w 1 torsion angle restraints were obtained using the conformational grid search program STEREOSEARCH (Nilges et al., 1990) J COHb coupling constants was also employed for identifying the appropriate w 1 rotamer and for detecting rotamer averaging. In addition, in the case of threonine and valine residues 3 J CgN and 3 J CgCO coupling constants were used for determining the side-chain conformation. w 2 torsion angle restraints for leucine residues were obtained from 3 J CC coupling constants and the pattern of intraresidue NOEs (Powers et al., 1993) . bonds to DNA bases in the homeodomains, while Arg221 and Arg226 correspond to residues that form hydrogen bonds to the DNA bases in a large number of prokaryotic HTH proteins (Pabo & Sauer, 1992) .
The HTH motif of Ig is a variant of the classical HTH motif in so far that the two helices are connected by a six residue loop rather than the four residue turn seen in both the homeodomains and most prokaryotic HTH proteins (Pabo & Sauer, The structures were calculated by simulated annealing (Nilges et al., 1988) using the program XPLOR-3.1 (Bru È nger, 1993) modi®ed to incorporate pseudo-potentials for coupling constant (Garrett et al., 1994) and secondary 13 C chemical shift (Kuszewski et al., 1995) restraints, and a conformational database potential (Kuszewski et al., 1996 (Kuszewski et al., , 1997 . The latter biases sampling during simulated annealing re®nement to conformations that are likely to be energetically possible by effectively limiting the choices of dihedral angles to those that are known to be physically realizable. The notation of the NMR structures is as follows: hSAi are the ®nal 30 simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of the individual SA structures (residues 180 to 240) best ®t to each other; (SA)r is the restrained minimized mean structure obtained by restrained regularization of the mean structure SA. The number of terms for the various restraints is given in parentheses. The ®nal force constants employed for the various terms in the target function used for simulated annealing are as follows: 1000 kcal mol À1 A Ê À2 for bond lengths, 500 kcal mol À1 rad À2 for angles and improper torsions (which serve to maintain planarity and chirality), 4 kcal mol À1 A Ê À4 for the quartic van der Waals repulsion term (with the hard sphere effective van der Waals radii set to 0.8 times their value used in the CHARMM PARAM19/20 parameters), 30 kcal mol À1 A Ê À2 for the experimental distance restraints (interproton distances and hydrogen bonds), 200 kcal mol À1 rad À2 for the torsion angle restraints, 1 kcal mol À1 Hz À2 for the coupling constant restraints, 0.5 kcal mol À1 ppm À2 for the carbon chemical shift restraints, and 1.0 for the conformational database potential. The terms for covalent geometry, coupling constants and 13 C shifts are described by harmonic potentials, while the interproton distance and torsion angle restraints are represented by square-well potentials.
a None of the structures exhibited distance violations greater than 0.5 A Ê , dihedral angle violations greater than 5 , or 3 J HNa coupling constant violations greater than 2 Hz. The torsion angles restraints comprise 68 f, 27 w 1 and 13 w 2 angles. (The latter include the w 2 of the four Phe and two Tyr residues that were restrained to 90(AE30) , in addition to the w 2 angles of all three Ile and four out of the ®ve Leu.). The hydrogen bonding restraints, which consist of two distances per backbone-backbone hydrogen bond, were included only in the ®nal stages of re®nement using standard criteria based on amide exchange, 3 J HNa couplings and secondary 13 C shifts.
b Only structurally useful intraresidue NOEs are included in the intraresidue interproton distance restraints. Thus, intraresidue NOEs between protons separated by two bonds or between non-stereospeci®cally assigned protons separated by three bonds are not incorporated in the restraints.
c E L-J is the Lennard-Jones van der Waals energy calculated with the CHARMM PARAM19/20 protein parameters (Brooks et al., 1993) and is not included in the target function for simulated annealing or restrained minimization.
d The programs PROCHECK (Laskowski et al., 1993) was used to assess the overall quality of the structures. More than 85% of residues in the most favourable region of the Ramachandran plot, less than ten bad contacts per 100 residues, and a hydrogen bond energy of 0.6 to 1.0 are expected for a good quality structure. The dihedral angle G-factors (which should be greater than À0.5 for a good quality structure) for the f/c, w 1 /w 2 , w 1 and w 3 /w 4 distributions are 0.56 AE 0.07, 0.19 AE 0.10, 0.06 AE 0.30 and À0.17 AE 0.25, respectively. The PROCHECK statistics apply to the ordered region of Ig comprising residues 180 to 240.
e The precision of the atomic coordinates is de®ned as the average rms difference between the 30 ®nal simulated annealing structures and the mean coordinates, SA. The values given relate to residues 180 to 240, since the N (residues 173 to 179) and C (residues 241 to 247) termini are disordered. The values given for the backbone atoms relate to the N, C a , C and O atoms; those given for all atoms refer only to non-hydrogen atoms. 1992). Thus the longer turn in the HTH motif of Ig is reminiscent of that seen in the POU-speci®c domain (Klemm et al., 1994; Wright, 1994; Dekker et al., 1993 
